According to the strong application background of bioflavonoid and metal-flavonoid complexes, novel electrospray ionization tandem mass spectrometry (ESI-MS n ) was applied to investigate the structure and fragmentation mechanism of transition metal-rutin complexes. In the full-scan mass spectra, different stoichiometric ratios of rutin-metal complexes were found. In the reaction between rutin and Cu, four kinds of complexes with four different stoichiometric ratios were produced. In the reaction between rutin and Zn, Mn(II), and Fe(II), only two kind of complexes with stoichiometric ratios of 1:1 and 1:2 occured. In further tandem mass spectrometric experiments of different rutin-metal complexes, product fragments came from the neutral loss of the external rhamnose and the internal glucose unit, oligosaccharide chain, aglycone, and small organic molecules. According to the MS n data, we proposed a mechanism for all fragments of the rutin-Cu complex A and the structure of two rutin-Cu complexes, C and D.
Introduction
Flavonoids are polyphenolic compounds that can be found in the roots, stalks, and fruits of many natural plants. Long-time research has shown that flavonoids have many biological activities, such as, anti-cancer, anti-inflammation, anti-virus, anti-allergy and anti-osteoporosis. [1] [2] [3] [4] [5] Nearly all of those biological activities are relative to their interaction with several enzymes in the human body and their antioxidant activity, which leads to scavenge excess free radicals that may damage the biomolecules. [6] [7] [8] It has already been reported that the antioxidant mechanism of flavonoids may also come from the interaction between transition-metal ions and flavonoids to produce complexes that keep the metal ions from the participation of free-radical generation. [9] [10] [11] Thus a metalflavonoid complex plays a meaningful role in the elimination of excess free radicals, which may be harmful to biomolecules. At the same time, as natural metal chelators, flavonoids show a significant function on the bio-utilization of metal and antimetal-toxicosis. 12 Rutin is an ordinary flavonoid, which is widely distributed in edible plants. It is a powerful antioxidant and has evident antiinflammatory properties. 13, 14 The antioxidant and antiinflammatory activities of rutin are enhanced by complexation with transition metals. 15 Hereby, we chose rutin to investigate the complexes' structures of rutin with several different transition metals (Cu 2+ , Zn 2+ , Mn 2+ and Fe 2+ ). Although a traditional analytical method (ultraviolet-visible absorption spectroscopy) 16 has been used to elucidate structure information of metal flavonoid complex, it can only give indirect structure information. With the development of mass spectrometry, many ionization methods have been used to characterize flavonoid compounds, such as EI, 17, 18 CI, 19 and FAB. [20] [21] [22] [23] Since the discovery of soft ionization, matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) 24 and electrospray ionization (ESI) [25] [26] [27] [28] [29] [30] have also been applied to the analysis of flavonoids. Because ESI-MS has a potential to generate ions directly from the liquid phase, which means that it is possible to provide molecule structure information in a solution environment, it has become a very popular analytical method to analyze the compound structure in solution. Collision activated dissociation (CAD) has been used in the analysis of flavonoid and flavonoid metal complexes. 25, 26, 30, 31 Compared with all those methods, ESI-MS n provided more abundant and complementary fragment information to characterize the structures of flavonoid-metal complexes and to investigate the fragmentation mechanism of flavonoid-metal complexes under electrospray ionization. In this study, the complex structures of rutin with several different transition metals (Cu ) were investigated using multistage tandem ESI-MS. Utilizing the fragment information, we proposed the fragmentation mechanism of rutin-Cu complex A and the structure of rutin-Cu complex C and D.
Experimental

Reagents and chemicals
Standard rutin was purchased from the Chinese Authenticating Institute of Materia Medica and Biological Products (Beijing, China). All of the salts used in this study (copper(II) chloride, zinc chloride, manganese chloride, and iron(II) chloride) as well as the solvents were of analytical purity without further purification.
Sample preparation
Four different metal salts (CuCl2, MnCl2, ZnCl2 and FeCl2) were dissolved with methanol. The salt concentration was 1.0 mmol/l. Standard rutin was also dissolved in methanol with a final concentration of 1.0 mmol/l. Methanol solution of rutin was mixed with a methanol solution of CuCl2, MnCl2, ZnCl2 and FeCl2 in Eppendorf cups, respectively, according to the 2:1 mole ratio; the final concentration of the sample was 0.3 mmol/l. All of the mixed solutions were incubated at room temperature for half an hour for further measurements.
Mass spectrometry
All of the mass spectrometric experiments were carried out on a Finnigan LCQ mass spectrometer (Finnigan, San Jose, CA, USA) equipped with an electrospray source and an ion-trap mass analyzer. The scan m/z range was 50 up to 2000. All of the analyzed samples were diluted in methanol, and the infusion rate was 5 µl/min. The spray voltage was 4.5 kV and the thermal capillary temperature was 180˚C. The LCQ mass spectrometer was calibrated using standard chemicals (caffeine, peptide MFRA and Ultramark 1621), provided by the instrument manufacturer. The scan mode was positive and the isolation width for MS n was 1.0 Da.
Results and Discussion
A series of transition metals (Cu, Zn, Mn and Fe) were chosen for multistage tandem mass spectrometry analysis of metalflavonoid complexes. The chemical structure of rutin can be found in Scheme 1. The positive scan mode was used throughout the mass spectrometric experiments. In the full-scan mass spectra of all four complexes, protonated, sodiumcationized, and potassium-cationized rutin could be found during the whole measurement. In order to elucidate the structure of the complexes and the fragmentation mechanism of rutin-metal complexes, multistage tandem mass spectrometry was performed to produce abundant fragments.
The nomenclature of part of the fragments was according to Domon and Costello, 32 and "R" was defined to denote rutin in the whole work.
Multistage tandem mass spectrometry analysis of rutin-Cu(II) complex
The full-scan mass spectrum of rutin and Cu complex is shown in Fig. 1 . Seven ions at m/z 654, 526, 510, 396, 382 and 370 were present in the MS 2 spectrum of the monomolar ratio product rutin-Cu complex A (m/z 672) ( Fig. 1(b) ). The ion at m/z 654 is from the neutral loss of H2O (-18 Da). The most intensive fragment ion (m/z 526) comes from the neutral loss of the rhamnose moiety (-146 Da), which is an external sugar unit in the disaccharide chain. Due to a hydrogen shift inside the molecule, the internal glucose unit (-162 Da) of the disaccharide chain can be eliminated to produce the m/z 510 ion. 26 However, realizing that the neutral loss reaction of the internal glucose requires a higher energy level than the external rhamnose, the intensity of the m/z 510 ion is much lower than that of the m/z 526 ion. The peak at m/z 396 is produced by a loss of 276 Da from m/z 672, and the peak at m/z 382 arises from a loss of 290 Da from m/z 672. In the pathway of losing aglycone (-302 Da), the m/z 370 ion is produced. The m/z 370 ion is a B ion in which charge is kept on the disaccharide chain. This conclusion can be confirmed by a MS 3 experiment of m/z 672 (672 > 370) (shown in Fig. 1(c) ). The m/z 370 ion, which can be indicated as [B0Cu] + , lost one rhamnose unit (-146 Da) to produce the m/z 224 ion as [B1Cu] + . Such a cleavage is useful to determine the sugar species of the saccharide chain. Figure 1(d) shows the MS 3 spectrum of the m/z 672 ion (672 > 526 >), in which the m/z 526 ion has lost one and two H2O molecules to produce m/z 508 and 490 ions, respectively. To investigate the dehydration position of the m/z 526 ion, an additional MS n experiment was employed on the m/z 490 ion; the resulting spectrum is shown in Fig. 1(e) (MS 4 spectrum of m/z 672 (672 > 526 > 490 >)). In this spectrum, m/z 490 ion is cleaved to produce m/z 396 and 382 ions, which are the same as shown in the MS 2 spectra of m/z 672 ( Fig. 1(b) ). This result reveals that the dehydration reaction of m/z 526 must occur on the hydroxyl of the disaccharide chain so that the hydroxyl on the aglycone can be kept, and the ions at m/z 396 and 382 can be formed in the MS 4 spectrum of m/z 672 (672 > 526 > 490 >). Except for the dehydration reaction, the ion at m/z 526 formed many other fragments during the tandem mass spectrometry experiment. They are the ions at m/z 496, 478, 448 and 436. According to the mass of lost fragments, we propose that these four ions are from the cross-ring cleavage of the internal glucose unit with the neutral loss of CH2O, C2H4O2, C3H6O2 etc. Table 1 . Compared with the rutin-Cu complex A, the dissociation patterns of the rutin-Cu complex B are very intensive. 26 In the MS 2 experiment concerning of complex B, the major product ions were at m/z 980 (loss of aglycone), m/z 974 (loss of disaccharide chain) and 672 (loss of one rutin molecule). m/z 1120 (loss of glucose unit) and 526 (loss of [rutin + rhamnose unit]) were produced as minor product ions in the same experiment. In MS 3 of the m/z 1282 ion (1282 > 980 >), the rhamnose unit (-146 Da), the glucose unit (-162 Da), the aglycone (-302 Da) and the disaccharide chain (-308 Da) were lost. In the MS 3 of the m/z 1282 ion (1282 > 974 >), the rhamnose unit, the glucose unit, the aglycone and the disaccharide chain could be further lost to form ions at m/z 828, 812, 672 and 666, respectively. In the MS 3 of the 1282 ion (1282 > 672 >), the same results as shown for MS n of the rutin-Cu complex A (m/z 672) were obtained, which can also confirm our proposed conclusion concerning the fragmentation mechanism of rutin-Cu complex A.
In order to investigate the structure of rutin-Cu complexes C and D, multi-stage tandem mass spectrometry experiments were performed. The resulting data of rutin-Cu complexes C and D are given in Table 2 . The abundant fragment data obtained from the MS n experiment play a very important role in the structure characterization of rutin-Cu complexes C and D. In the MS 2 experiment of the m/z 1343 ion, the rhamnose unit, the glucose unit, the aglycone, the disaccharide chain, the unit of aglycone and rhamnose, and the rutin molecule were lost to produce ions at m/z 1197, 1181, 1041, 1035, 895 and 733, respectively. The m/z 733 ion, which is a rutin-Cu complex containing two Cu molecules, is the product of one rutin molecule elimination from rutin-Cu complex C. The additional MS 3 spectrum data of m/z 1343 (1343 > 1035 >) shows that additional aglycone (MW 302) and the disaccharide chain (MW 308) are lost to produce m/z 733 and 727 ions. The production of the m/z 727 ion, which is from the neutral loss of both disaccharide chains of complex C, indicates that the coupling position of the second Cu ion is on the aglycone of the rutin molecule, not on the disaccharide chain. According to the chemical structure and the spatial conformation of the rutin molecule, the second copper ion combines on the oxygen atoms of 3′-and 4′-OH of the aglycone B-ring. This conclusion facilitates the formation of a further product, rutin-Cu complex D. As shown in the MS 4 data of rutin-Cu complex D, the main product is the m/z 1343 ion (rutin-Cu complex C), which comes from a neutral loss of one rutin molecule (-610 Da). Due to the property of the copper ion, the third rutin molecule tends to attach to the second Cu ion of rutin-Cu complex C by a coordination bond. Then, rutin-Cu complex D is formed. According to these data, the general proposed structures of rutin-Cu complexes C and D are shown in Scheme 2.
Multistage tandem mass spectrometry analysis of rutin-Zn, -Mn(II) and -Fe(II) complexes
The tandem mass spectra data of the rutin-Zn complex are shown in Table 3 
Conclusion
Multistage tandem mass spectrometry played a very important ), the fragments came from the neutral loss of an external rhamnose unit and an internal glucose unit of sugar chain, aglycone, and small organic molecules, which were from a cross-ring cleavage of the rhamnose unit and the glucose unit; For complex [(2R-H)metal] + (metal: Zn, Mn, and Fe), the rhamnose unit, the glucose unit, the aglycone, the disaccharide chain and the rutin molecule could be lost during fragmentation. Using ESI-MS n on rutin-Cu complexes C and D, we obtained a large amount of structural information, and proposed that the second Cu ion form bond with 3′-and 4′-OH of the B-ring to produce the rutin-Cu complex C. The formation of complex C facilitated the forming of a coordination bond between the third rutin molecule and rutin-Cu complex C to create rutin-Cu complex D. 
